Objective Sorafenib is a standard therapy for advanced hepatocellular carcinoma (HCC), whereas radiotherapy is effective for local control of extrahepatic spread (EHS) or macrovascular invasion (MVI). This study investigated the safety and efficacy of this combined therapy to treat advanced HCC. Methods This retrospective study reviewed 62 patients with advanced-stage HCC with EHS or MVI who received sorafenib therapy, excluding the patients with only lung metastases. Results Of the 62 patients, 15 were treated using the combined therapy of sorafenib and radiotherapy (group RS), and 47 were treated with sorafenib monotherapy (group S). In group RS, patients were treated using three-dimensional conformal radiotherapy with a total irradiation dose of 30-60 Gy (median, 50 Gy). Irradiation was targeted at the bone, lymph nodes, adrenal gland, and MVI in 6, 5, 1, and 4 patients, respectively. The overall incidence of adverse events was 93.3% in group RS and 91.5% in group S (p=N.S.). Incidences of thrombocytopenia, leukopenia, and skin reaction were significantly higher in group RS (73.3%, 40.0%, and 66.7%, respectively) than in group S (36.2%, 10.6%, and 27.7%, respectively, p=0.02, 0.02, and <0.01, respectively). The incidence of severe adverse events, however, was comparable in the 2 groups: 20% in group RS and 19.2% in group S. The median progression-free survival (PFS) of EHS or MVI, PFS of whole lesions, and overall survival were longer in group RS (13.5, 10.6, and 31.2 months, respectively) than in group S (3.3, 3.5, and 12.1 months, respectively) (p<0.01 for all). Conclusion Sorafenib in combination with radiotherapy is a feasible and tolerable treatment option for advanced HCC.
Introduction
Hepatocellular carcinoma (HCC) is a major cause of mortality and the third-most common cause of cancer-related deaths worldwide (1, 2) . HCC is often detected at an advanced stage or when the patient presents with advanced liver cirrhosis at the time of the diagnosis; patients are therefore treated with potentially curative therapies, such as resection, liver transplantation, or other locoregional therapies (3) . Furthermore, the potential for recurrence is high after radical treatment for early-or intermediate-stage HCC, and recurrence sometimes leads to spread to extrahepatic sites such as lung, bone, adrenal gland, and lymph node or invasion into the portal or hepatic vein. Extrahepatic spread (EHS) or macrovascular invasion (MVI) is recognized as a fatal factor, owing to which therapeutic selection is very limited.
Sorafenib is an orally active targeted anticancer agent that inhibits proliferation and angiogenesis by blocking Raf kinase and the receptors for vascular endothelial growth factor (VEGF) and platelet-derived growth factor (4) . Two large-scale, phase III randomized, double blind, placebocontrolled studies-the Sorafenib HCC Assessment Randomized Protocol trial study (5) and the Asia-Pacific Study (6)-demonstrated that sorafenib significantly delays the time to progression and prolongs the overall survival (OS) in patients with advanced HCC. Accordingly, sorafenib is the only recognized systemic chemotherapeutic agent for patients with advanced HCC expanding to extrahepatic sites or invading the portal or hepatic vein (5) (6) (7) .
Radiotherapy may improve the survival of patients with advanced HCC with EHS (8) (9) (10) or MVI (11) (12) (13) . Since only a few studies (14) (15) (16) have focused on this combination therapy, its safety and efficacy remain unclear. Therefore, in this study, we aimed to evaluate the safety and feasibility of the combination of sorafenib therapy and radiotherapy for patients with advanced HCC with EHS or MVI.
Materials and Methods

Patients
We retrospectively reviewed data collected prospectively from 99 consecutive patients who received sorafenib (Nexavar ; Bayer HealthCare Pharmaceuticals, Pittsburg, USA) for advanced HCC with Barcelona Clinic Liver Cancer stage C in the Department of Hepato-Biliary-Pancreatic Surgery at the National Hospital Organization Kyushu Medical Center between July 2009 and June 2015.
HCC was diagnosed through a pathological examination or a combination of specific radiologic findings of dynamic multidetector-row computed tomography (MDCT) or magnetic resonance imaging (MRI) according to the criteria of the American Association for the Study of Liver Diseases (7).
Sorafenib was administered to patients with advanced HCC if (i) their Eastern Cooperative Oncology Group performance status score was 0-1; (ii) their liver function was classified as Child-Pugh A or B; and (iii) they had an adequate hepatic function (albumin level >2.5 g/dL, total bilirubin level <3.0 mg/dL, and alanine aminotransferase and aspartate aminotransferase levels <5 times the upper limit of the normal range).
Of the 99 patients, 8 were excluded due to radiologic confirmation, 10 were excluded due to the presence of Child-Pugh B or C, and 19 were excluded for EHS to only the lung, because lung metastasis was not considered an appropriate target for radiotherapy. A total of 62 patients were ultimately enrolled in this retrospective study. The patients were divided into two groups: a group that received combined therapy of sorafenib and radiotherapy (group RS) and a group that received sorafenib monotherapy (group S). This study was approved by the Ethics Committee of the National Hospital Organization Kyushu Medical Center and performed in compliance with the Declaration of Helsinki.
All patients provided their written informed consent.
Group S
The starting dosage of sorafenib was 800 mg/day orally (p.o.). However, considering the possibility of having to discontinue sorafenib treatment at an early stage due to adverse events, the initial dosage for patients with comorbidities was reduced to 400 mg/day. The initial dosage for patients " 75 years of age or those with a body weight ! 40 kg or a history of treatment for varices or ascites was 200-400 mg/day. The dose was increased to the standard dose level according to each patient's tolerance. Treatment was continued until tumor progression or unacceptable toxicity associated with sorafenib, or withdrawal of consent.
Group RS
In the treatment guidelines for HCC, including the American Association for the Study of Liver Diseases guidelines (7) or the Barcelona Clinical Liver Cancer guidelines (17), radiation is not routinely recommended. At our institution, the indications for radiotherapy in patients with HCC are as follows: (i) localized bone metastases, especially vertebral metastases with high risk of spinal damage, or painful bone metastases; (ii) solitary lymph node metastasis or lymph node metastases localized in a region; (iii) adrenal metastasis refractory to transcatheter arterial chemoembolization (TACE); (iv) macrovascular invasion refractory to TACE or hepatic arterial infusional chemotherapy; and (v) informed consent of the patient. We excluded patients with only lung metastasis as EHS from assessment, owing to the severe adverse effect of radiation pneumonitis resulting from radiotherapy of the lung. Radiotherapy was started within one month of sorafenib initiation in all patients. Only one patient received sequential treatment with radiotherapy followed by sorafenib. All patients received three-dimensional conformal radiotherapy (3D-CRT). Target lesions of radiotherapy were EHS or MVI, but not intrahepatic lesions. The biologically effective dose was converted to conventional fractionation of each dose due to variation in the dosefractionation schedule. The α/β ratio was 10.
The starting dosage of sorafenib was 800 mg/day. The conditions for reducing the dosage were the same as described above for group S. Considering the possibility of having to discontinue sorafenib and radiotherapy treatment at an early stage due to adverse events or bone marrow suppression, one-level reduction of the initial dosage was permitted. The dose was then increased to the standard dose level according to each patient's tolerance. Treatment was continued until tumor progression or unacceptable toxicity associated with sorafenib, or withdrawal of consent.
The combination of radiotherapy and sorafenib therapy was selected by the attending physicians. After explaining the methods, comorbidity, and expected efficacy of combination therapy of sorafenib and radiotherapy to the patients, they finally selected the combination therapy or sorafenib monotherapy.
Evaluation of treatment response
Images were acquired using dynamic MDCT or dynamic MRI at baseline and every 6-8 weeks after treatment initiation. The best radiologic tumor response was assessed in accordance with the modified Response Evaluation Criteria in Solid Tumors (18) at 6-8 or 14-16 weeks after the initiation of sorafenib treatment or radiotherapy. For measurable target lesions, the best radiologic response was classified as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). We documented the cause of PD (pattern of progression) as follows: ! 20% increase in tumor size compared with the size of a baseline lesion (intrahepatic growth or extrahepatic growth), a new intrahepatic lesion, or a new extrahepatic lesion and/or vascular invasion. For MVI identified as a nonmeasurable lesion, the radiologic response was classified as a CR, PD, or incomplete response (IR)/SD (18) .
Safety
Toxicity was monitored through physical examinations and laboratory tests during the treatments. The adverse events were graded based on the Common Terminology Criteria for Adverse Events v3.0.
Follow-up
All patients were followed-up at our outpatient clinic according to a standardized protocol that included tumor marker tests every 1-2 months and MDCT or MRI every 6-8 weeks until the patient's death or last visit. At the end of the study period (on August 1, 2015), the median follow-up time was 14.3 months, and 46 patients had died; no patients were lost to follow-up.
Statistical analyses
Statistical analyses were performed using the JMP software program, version 11.0 (SAS Institute, Cary, USA). Categorical variables were analyzed using the chi-squared test or Fisher's exact test, as appropriate. Continuous variables were analyzed using Student's t-test or the MannWhitney U test, as appropriate. The time to progression and OS were analyzed using the Kaplan-Meier method, and groups were compared using the log-rank test. Subgroup analyses, univariate analyses, and multivariate analyses were performed using a Cox proportional hazards model and the backward elimination procedure. A value of p<0.05 indicated a statistically significant difference.
Results
Patient characteristics
There were more women in group RS than in group S; however, the liver function and tumor condition (distribution of metastatic organ, concomitant intrahepatic lesion, and tumor markers) did not differ markedly between the groups (Table 1) .
The starting dose of sorafenib was not statistically different between the 2 groups; however, 1 patient received 800 mg sorafenib as the starting dose in group RS, whereas 11 patients received 800 mg sorafenib in group S.
In group RS, radiotherapy was given to target lymph node metastases in six patients, bone metastases in five patients, adrenal metastasis in one patient, and MVI in four patients. Of these, one patient received radiotherapy for three lymph node metastases, and another patient received radiotherapy for lymph node metastasis and bone metastasis. All other patients received radiotherapy for solitary target lesions. The total radiation dose ranged from 30 to 60 Gy (median, 50 Gy). The fraction size of radiotherapy ranged from 2 to 3 Gy (median, 2 Gy). After the conversion, the biologically effective dose ranged from 39 to 78 Gy (median, 60 Gy).
No patients in either group had a history of TACE for EHS lesions.
Tumor response
The tumor response was evaluated by the modified Response Evaluation Criteria in Solid Tumors. First, we evaluated the tumor response of only EHS or MVI targeted by radiotherapy. EHS was evaluated as measurable lesions, and MVI was evaluated as nonmeasurable lesions (Table 2) . Among those with measurable lesions in group RS, six patients exhibited PR, and five exhibited SD. No CR or PD was noted in group RS. In group S, wherein 28 patients had measurable lesions, 1 patient exhibited PR, 10 exhibited SD, and 17 exhibited PD. With regard to the local control of metastatic lesions, group RS showed a significantly more effective response than group S (p<0.01).
Among patients with nonmeasurable lesions in group RS, one patient exhibited CR, and three exhibited IR/SD. Furthermore, three patients with IR/SD showed no progression and a slight decrease in MVI. In group S, 19 patients had nonmeasurable lesions of MVI, of which 16 (84.2%) exhibited PD (p<0.01).
The OS and progression-free survival (PFS) in patients treated with combination therapy of radiotherapy and sorafenib
The median OS in group RS (31.2 months) was significantly longer than that in group S (12.1 months, p<0.01, Fig. 1 ). The median PFS of EHS or MVI was longer in group RS (13.5 months) than in group S (3.3 months, p< 0.01, Fig. 2) . However, many patients had EHS or MVI along with concomitant intrahepatic lesions. As concomitant intrahepatic lesions influence the survival, we also evaluated the PFS of whole lesions: The median PFS of whole lesions was longer in group RS (10.6 months) than in group S (3.3 months, p<0.01, Fig. 3) .
Furthermore, patients with only MVI (4 and 20 patients in groups RS and S, respectively) and patients with only EHS (11 and 27 patients in groups RS and S, respectively) were separated into two categories. In patients with MVI, the median OS in group RS (26.2 months) showed a tendency to improve compared to the median OS in group S (11.7 months, p<0.09). The median PFS for the MVI category was longer in group RS (33.5 months) than in group S (3.0 months, p<0.01). The median PFS for patients with whole lesions was longer in group RS (11.0 months) than in group S (2.6 months, p=0.02).
In patients with only EHS without MVI, the median OS for group RS (31.3 months) was longer than that for group S (13.3 months, p<0.01). The median PFS for the EHS category was longer in group RS (17.3 months) than in group S (4.1 months, p<0.01). The median PFS for patients with whole lesions was longer in group RS (10.6 months) than in group S (4.2 months, p<0.01).
Prediction of the survival
A univariate analysis showed a significant correlation between the survival and the following parameters in patients: the α-fetoprotein (AFP) level and the combination of sorafenib treatment and radiotherapy (Table 3) . Furthermore, a multivariate analysis identified the AFP level and a combination of sorafenib and radiotherapy as independent predictors of the OS in patients.
Safety
As shown in Table 4 , the overall incidence of adverse events was 93.3% in group RS and 91.5% in group S (p=N. S.). The most common toxicity was thrombocytopenia (n= 11, 73.3%) in group RS, as reported previously (14); however, none of the patients showed grade !3 thrombocytopenia. The second-most common adverse event was other skin reactions, including pigmentation found in 10 patients (66.7%); however, none of the patients showed severe pigmentation with skin ulcer or burn. On comparing groups RS and S, the incidences of thrombocytopenia, leukopenia, and skin reaction were significantly higher in group RS (73.3%, 40.0%, and 66.7%, respectively) than in group S (36.2%, 10.6%, and 27.7%, respectively, p=0.02, 0.02, and <0.01, respectively); however, all of these events were grade 1 or 2, and they did not interrupt the treatment in either group. Severe adverse events, including anorexia, fatigue, and gastrointestinal bleeding of grade 3, were seen in one patient in group RS. However, the incidence of adverse events higher than grade 3 was not significantly different between the two groups: 20.0% in the RS group and 19.2% in the S group. 
Discussion
This study investigated the efficacy of the combination of radiotherapy as locoregional therapy and sorafenib therapy for advanced HCC patients with EHS or MVI. Only a few studies (14, 16) on the combination therapy of radiotherapy and sorafenib therapy have been published, and as such, the safety of this combination therapy was not established. In our study, the rates of thrombocytopenia, leukopenia, and skin reactions, including pigmentation, significantly increased due to the combination therapy. In a randomized trial of sorafenib monotherapy, the incidence of overall thrombocytopenia was 46%, and that of grade 3-4 thrombocytopenia was 4% (5). In trials on radiotherapy for hepatic lesions combined with systemic or regional chemotherapy, the incidence of overall and grade 3-4 thrombocytopenia was 18-49% and 6-12%, respectively (19) (20) (21) . In our study, the overall incidence of thrombocytopenia was 73.3%, and that of grade 3-4 thrombocytopenia was 0%. The increased incidence rate in our study might be due to the concurrent administration of sorafenib and radiotherapy; however, none of our patients showed grade 3-4 thrombocytopenia, due to a reduced starting dose of sorafenib. With regard to the other adverse events, the rate of grade 3-4 adverse events was similar between the two groups. In group RS, one patient experienced gastrointestinal bleeding due to gastric antral vascular ectasia. However, this event was not an acute toxic event caused by radiotherapy because its onset was 5 months after the completion of radiotherapy. The overall incidence of adverse effects due to the combination therapy was within the acceptable range, although the reduced starting dose of sorafenib may have affected the grade of the adverse events in our study. Sorafenib is an established therapy for advanced HCC with EHS or MVI. Although it improves the OS, it does not show an objective response (5, 6) . The efficacy of radiotherapy for lymph node metastasis (8-10) for advanced HCC has shown promising outcomes, with an objective response rate of 66-100% for metastatic lymph nodes and a median OS of 7-13 months (9, 10, (22) (23) (24) . However, the combination of radiotherapy and sorafenib therapy showed promising outcomes in the present study, with a median OS of 31.3 months and median PFS for the EHS category of 17.3 months in patients with only EHS without MVI. In contrast, radiotherapy resulted in a median OS of 5.9-13.7 months in patients with advanced HCC with MVI (12, 13, 25) . In our study, the combination of radiotherapy and sorafenib therapy resulted in a median OS of 26.2 months and a median PFS for the MVI category of 33.5 months, although there were only 4 patients with MVI. A large-scale study is required to confirm the efficacy of this combination therapy for MVI or EHS in the future.
However, the majority of patients with advanced HCC with EHS or MVI have concomitant intrahepatic tumors. A cohort study (26) of 34 patients with EHS reported that the major cause of death was intrahepatic tumor progression, and it was important to control intrahepatic tumors, as the tumor status is significantly associated with the OS in patients with advanced HCC (8, 10, 26) . However, while controlling locoregional metastatic lesions did help improve the survival (9, 15, 23) , whether controlling intrahepatic lesions or extrahepatic lesions contributed more to the survival is unclear.
The present study showed that the combination of radiotherapy and sorafenib therapy, even with a low dose of sorafenib, had good efficacy in the long-term. The strong ability of radiotherapy to control locoregional lesions is remarkable; however, its effects are temporary and limited. Therefore, the combination of sorafenib and radiotherapy may sustain the locoregional control for a long period. Furthermore, locoregional control for a long period can improve the OS of patients with advanced HCC with EHS or MVI. The above-mentioned findings are supported by the present study, which showed that the median OS of 31.2 months in group RS was much longer than that of 12.1 months in group S, despite the ratio of concomitant intrahepatic lesions not differing significantly between the two groups.
Despite our important findings, this study has several limitations. First, we did not compare the combination therapy to radiation monotherapy. The present study showed that the median OS in the RS group was 31.2 months. However, previous studies (9, 10, 12, 13, (22) (23) (24) (25) have reported a median OS of only 5.9-13.7 months in patients with advanced HCC with EHS or MVI treated with radiation monotherapy. Although these results cannot be compared, the combination therapy is capable of improving the survival compared to radiation monotherapy. Second, the treatment schedule of sorafenib was sequential or concurrent in our study. In vitro and in vivo studies (27) have reported that a sequential schedule showed greater antitumor activity than concurrent treatment, but the optimum schedule of sequential treatment remains unclear. As most patients had concomitant intrahepatic tumors in the present study and sorafenib is currently recognized as the standard therapy for advanced HCC patients, almost all patients were first treated with sorafenib, followed by radiotherapy. Further prospective studies should compare these schedules to determine the more effective one. Third, the subtle differences in the characteristics between the RS and S groups may reflect an imbalance in the survival. Most factors were less favorable in group S, including fewer Child-Pugh A5 patients, a higher percentage of concomitant intrahepatic diseases, and high AFP levels ( Table 1) . A Japanese large-scale, multicenter observational study (28) reported that the median OS was 15.1 (95% confidence interval: 13.5-17.3) months in Child-Pugh A5 patients with advanced HCC treated with sorafenib. In our study, the median OS in group S (12.1 months) was similar, whereas the median OS in group RS was 31.2 months; owing to the longer median OS, group RS may have had a survival advantage. Fourth, the study design was retrospective and non-randomized in nature, and the selection of combination therapy by the attending physicians involved some bias. Finally, the size of the study cohort was small. Therefore, further prospective studies with a larger number of subjects are required to confirm our findings.
Conclusion
The control of EHS or MVI, even if intrahepatic lesions coexist, may be necessary for improving the survival of patients with advanced HCC. The combination of sorafenib therapy and radiotherapy has good efficacy and safety and may improve the survival in patients with advanced-stage HCC. As this study was a retrospective, single-institute, and small-sized study, a controlled clinical trial is required to confirm our findings.
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